Abstract Carbon fiber-reinforced carbon (C/C) composites consist in a carbon matrix holding carbon or graphite fibers together, whose physical properties are determined not only by those of their individual components, but also by the layer buildup and the material preparation and processing. The complex structure of C/C composites along with the fiber orientation provide an effective means for tailoring their mechanical, electrical, and thermal properties. In this work, we use the Laser Flash Technique to measure the thermal diffusivity and thermal conductivity of C/C composites made up of laminates of weaved bundles of carbon fibers, forming a regular and repeated orthogonal pattern, embedded in a graphite matrix. Our experimental data show that: i) the cross-plane thermal conductivity remains practically constant around (5.3 ± 0.4) W·m 1700 K. ii) The thermal diffusivity and thermal conductivity along the cross-plane direction to the fibers axis is about five times smaller than the corresponding ones in the laminates plane.
thermal conductivity of C/C composites increases. Also, for temperature T higher than the Debye one, the heat capacity becomes independent of temperature, the number of phonons is proportional to T, then thermal conductivity is proportional to mean free path λ MFP where one may assume λ MFP ∝ T −x [26] (in the case of standard graphite, x value is about 0.6 in the range from 800 to 1800 K, see Fig. 3 ). Thermal properties of C/C composites have been investigated by different researchers: Zhi-Hai Feng et al. [27] described the effects of the composite porosity, the thickness and porosity of the interface phase on the thermal conductivity for C/ C composites with Pitch-Based Matrix. G. Yuan et al. [28] determined the longitudinal thermal conductivity and thermal diffusivity at room temperature of the C/C composites, graphitized at 3373 K and reports the values 896 W·m , respectively, C. W. Ohlhorst et al. [29] examined different C/C composites and report in-plane thermal conductivity values from 10 to 233 Wm
, whereas through-the-thickness values from 2 to 21 W·m
, H.B. Shim et al. found that the cross-section type of the reinforcing fibers as well as their orientation, strongly affect the thermal conductivity of carbon fiber-reinforced composites [30] , J. Michalowski et al. [31] examined the thermal conductivity of 2D C/C composites, and reported that a thermal treatment, applied after densification, increases the thermal conductivity of the composite. Crystallization of carbon matrix material produces this effect.
In this work, we report the thermal diffusivity and thermal conductivity of C/C composites measured in the perpendicular direction to the fibers axes, through the Laser Flash Technique (LFT) [32] , for temperatures from 300 K to 1700 K. Taking into account the anisotropy of the C/C composites, both thermal properties have also been measured by means of a calorimetric method [33] , in three different directions along the plane of the fiber laminates at 308 K. Furthermore, the response of our samples to solar radiation and high temperatures has been assessed by measuring their solar absorptance and thermal emittance in the UV-VIS-NIR-MIR wavelength range.
Materials and Methods
Our C/C composite consisting in laminates of weaved bundles of carbon fibers, forming a regular and repeated orthogonal pattern within a carbon matrix, are shown in Fig. 1 . The mass density, fiber volume fraction, and porosity of samples are about (1.51 ± 0.01) g·cm −3 , 60%, and 8%, respectively [34] . All samples have been darkened with a homogeneous thin layer of graphite (GRAPHIT 33, CRC Industries Europe NV), in order to ensure the uniform conversion of a laser beam light into heat on the illuminated sample surface, to measure their thermal diffusivity [35] by Laser Flash Technique (LFT). The working principle of this standard transient technique, consists in illuminating one side of a sample by impinging a laser pulse (in our experiments: pulse length and beam spot diameter were 1 ms and 6 mm, respectively) and recording the temperature rise of the opposite side [36] as a function of time, using an infrared detector located just in front of the sample [37] . The sample thermal diffusivity is then obtained by fitting a proper theoretical model to this temperature rise. The simplest model for describing the transient behavior of temperature was proposed by Parker et al. [32] , who considered one-dimensional heat transfer with adiabatic boundary condition [38] . Parker's model is only valid for homogeneous samples supporting a predominant one-dimensional heat flux with negligible heat losses [39] . As the temperature increases, this latter assumption is difficult to fulfill, given that the radial heat losses becomes more important [40] , especially for thicker samples. Under these conditions, Parker et al. [32] model has to be properly extended [41, 42] . Thermal diffusivity experimental data analysis were performed taking into account corrections models for adiabatic [43] , finite pulse [42, [44] [45] [46] [47] and lateral heat losses [40, 48] . In order to obtain the thermal diffusivity as a function of temperature (D(T)) of our C/C samples, in the direction perpendicular to the plane of laminates, we prepared circular samples (25.2 mm in diameter and 1.5 ± 0.2 mm in thickness) and then were measured by LFT. In the same fashion, to determine the thermal diffusivity in the directions parallel and perpendicular to the plane of laminate (Fig. 1) , we cut rectangular rods of C/C composites (30.2 × 9.6 × 5.2 mm), and we applied the modified Angstrom method [33] . This method consists in the periodically heating one end of a bar and monitoring the phase lag of the temperature field at its opposite end, phase lag value is related with the thermal diffusivity [49] . To calculate the heat capacity of the C/C composites samples, we implemented an indirect method, where the maximum of the temperature raise in the sample is compared to the maximum of the temperature raise of the reference sample. If we assume that the light into heat energy conversion and the sample reflectance are the same for sample and reference, then both, the C/C composite and the reference sample (standard graphite) are measured under the same conditions [50] so the energy of the laser pulse and the sensitivity of the infrared detector are the same for both measurements. Since the energy supply to the sample (sam) and the reference (ref), is the same, the heat capacity of the sample can be calculated by means of the following relation:
where ΔT is the temperature raise (K), m is the mass (g) and c is the heat capacity (J·g
). Once the thermal diffusivity and heat capacity have been obtained, the thermal conductivity κ(T) of the sample with mass density ρ(T) can be obtained from the relationship:
Reflectance spectroscopy is a powerful tool for characterizing the optical properties of a great diversity of materials applied in solar technology [51] [52] [53] [54] . The analysis can be done in two wavelength ranges of interest: Ultraviolet/visible/near infrared and medium infrared, where solar spectrum radiation wavelengths and infrared emission range are located respectively. Spectral (near-normal) directional/hemispherical reflectance R(λ) values were obtained with commercial spectrophotometers equipped with integrating sphere [55] , in the range from 300 to 1000 nm we used an AVASpec2048 spectrophotometer, and in the range from 1000 to 324 Appl Compos Mater (2019) 26:321-337 2000 nm an AvaSpec-NIR256-2.5 spectrophotometer was used. In both cases, measurements were performed with an integrating sphere 50-LS-HAL, in which the angle of incidence of the light is near-normal to the sample surface. Likewise, R(λ) data in the range of 2 to 15 μm were obtained with a FTIR spectrophotometer Perkin Elmer Frontier NIR/MIR equipped with an integrating sphere Pico IntegratIR. Solar absorbance (α) and thermal emittance (ε(T)) can be calculated with the following relations [56] :
where I SUN (λ) is the solar irradiance spectrum, and I BB (λ,T) is the black body radiation function. Figure 2 shows the values of the thermal diffusivity, measured perpendicular to the plane of the laminate (through-thickness direction), and heat capacity in our C/C composites in the temperature range from 300 to 1700 K with the LFT. Values obtained are consistent with those are reported in literature [29] . Materials with anisotropic structures such as C/C composite have different linear expansion coefficients in different directions [25] . As result of this, the total volumetric expansion is distributed unequally among the three axes, and bulk density can change as function of temperature. Bulk density as function of temperature was determined by using the relation
Results
, being ρ O the density value at 298 K. The effective cross-plane thermal conductivity κ eff of our C/C composites as a function of temperature is determined by the sum of the phonon (solid) and photon (radiative) contributions along with the convective one, due to the heat transfer through the gas present in the pores. This latter component is usually much smaller than the other two Fig. 2 Measured cross-plane thermal diffusivity and heat capacity of our C/C samples in the temperature range from 300 K to 1700 K ones [58] and therefore it will be neglected in the present work. Under this assumption, κ eff is given by (see appendix Eq. 14):
Where all parameters are defined in the Appendix. Figure 3 shows the experimental values of the thermal conductivity measured along the cross-plane direction in comparison with the fitted predictions of Eq. 3 for a large range of temperatures. The good agreement between the experimental and theoretical values of κ eff (T) improves for temperatures higher than 750 K, because the used data for a single fiber thermal conductivity is not enough accurate (Eq. 12), in the temperature range below 750 K. Also, one can observe that the thermal conductivity of C/ C composites samples reaches an almost constant value of (5.3 ± 0.4) W·m
, in the temperature range from 370 K to 1700 K. This behavior indicates that the increase of the radiative component of the thermal conductivity is compensated with the decrease of the conductive one, as the sample temperature increases.
The thermal diffusivity D of our C/C composites has been measured in three directions; a and b in the plane of laminate, and c perpendicular to the plane of laminate ( Fig. 1) at 308 K. On purpose, we apply a periodic heating [49] (f = 0.048 Hz.) at one end of samples and retrieve D by means of the modified Angstrom method [33] . Results for D and κ are summarized in Table 1 . We did not find significant differences in thermal diffusivity values along the a and b directions, since the fiber counts in the warp and weft directions are equivalent and that hence there is no preferential presence of empty interspace among fibers in either direction. The thermal conductivity is thus invariant in the plane of the weave [59] . By contrast, the out-plane (c direction) thermal diffusivity are one order of magnitude smaller than the corresponding inplane measurements. This latter fact indicates that there is a strong anisotropy on the sample's heat conduction, such that the heat flows better in the laminated planes than across them 326 Appl Compos Mater (2019) 26:321-337 , within the temperature range from 370 K to 1700 K (perpendicular to the planes). The large number of long fibers provide thus the continuous path for the phonon transmission, which is attenuated along their radial c direction [25] . The thermal conductivity measured in the direction parallel to the laminate plane is about five times greater than that along the plane perpendicular to the laminate, which agrees with the results reported in literature [25, 29, [60] [61] [62] [63] .
The reflectance spectrum of our C/C composites measured for wavelengths ranging from 0.3 to 15 μm along with the solar irradiance spectrum [64] are shown in Fig. 4 . Based on these spectra, Eq. (2) yields a solar absorbance and thermal emittance of α = (78 ± 2)% and ε(T) = (59 ± 1)%, respectively at 373 K. Given that the determination of the spectral selectivity η through the simplest relation η = α/ε(T) [65] [66] [67] [68] . However, mistakes can be made in the calculation of the spectral selectivity, for example: a solar absorber with =70 (α = 0.7 and ε(T) = 0.01), apparently has a better performance than a solar absorber with η = 32 (α = 0.98 and ε(T) = 0.03) which is not true, because high absorption at low wavelengths has a stronger impact than the low emittance at longer wavelengths [69] . Z. Chen et al. [70] propose a more accurate way to calculate η considering that solar absorptance is twice as important as the thermal emittance. In this work we have estimated η with the relation η = α − 0.5 ε(T), which yields η = 48.5%. In high solar concentration systems (600 suns or more) the influence of the thermal emittance is less important and it becomes almost independent of temperature [71] . The inset in Fig. 4 shows the thermal emittance (Eq.2) calculated as function of the temperature of a black body in the range from 373 to 3073 K.
Conclusions
We have determined the thermal diffusivity and thermal conductivity of carbon fiberreinforced carbon (C/C) composites along their cross-plane and in-plane directions. We have found that the thermal diffusivity and thermal conductivity along the cross-plane direction to the fibers axis is about five times smaller than the corresponding ones in the laminates plane. The cross-plane thermal conductivity measured as a function of temperature has been well described by a theoretical model that considers both the conductive and radiative thermal contributions of the effective thermal conductivity. We have found that the cross-plane thermal conductivity remains practically constant around (5.3 ± 0.4) W·m
, within the temperature range from 300 K to 1700 K. Furthermore, we have determined an average spectral selectivity η = 48.5% which could be a very useful parameter in applications of solar thermal technology. Table 1 Thermal diffusivity and thermal conductivity of our C/C composite at 308 K, measured in three directions: two parallel to the plane of the laminate (a and b in Fig. 1 
Appendix Thermal conductivity modeling
According to diverse theoretical models reported in the literature, the effective thermal conductivity κ eff (T) of C/C composites can be expressed in terms of the thermal conductivity of the fibers and matrix, fibers volume fraction [72] , fibers mass fraction [30] , graphitic planes direction [12] , contact heat transfer rate among fibers [19] , and the effective contact area between two plates [5] . Considering the thermal and geometrical properties of the individual components, here we model κ eff (T) as the sum of its solid conductive ((κ c (T)) and radiative ((κ r (T)) contributions, as follows
Concerning the conductive contribution, for a C/C composite made up of laminate bundles of fibers forming a regular orthogonal pattern and uniform delamination between fiber mats embedded in a solid matrix, as shown in Fig. 5 , the in-plane (κ ∥ ) and out-plane (κ ⊥ ) solid thermal conductivities of this bidirectional composite are given by: Reflectance spectrum of our C/C composites measured for wavelengths ranging from 0.3 μm to 15 μm, along with the sun radiation spectrum ASTM G173-03 [64] . The inset figure corresponds to the thermal emittance (Eq.2) calculated as function of the temperature of a black body in the range from 373 to 3000 K
where κ 1⊥ is the composite thermal conductivity perpendicular to unidirectional fibers (see Fig.  5 ), n v and n h are the number fractions of fibers in the vertical and horizontal directions (with n v + n h = 1) and κ v∥ (θ) and κ h∥ (θ) are the in-plane thermal conductivity of vertical and horizontal unidirectional fibers in a direction making an angle θ with the vertical axis calculated as follows [59] :
Where κ 1∥ is the composite thermal conductivity parallel to unidirectional fibers, as shown in Fig. 5 , considering that the numbers of fibers in vertical and horizontal directions in Fig. 5 are equal (n v = n h = 1/2), Eqs. (5a), (6a) and (6b) yields to:
Equation (7) explicitly shows that the in-plane thermal conductivity of the composite in Fig. 5 is independent of the direction in which is measured, as was first predicted by Pilling et al. [72] .
The thermal conductivity κ 1∥ of the unidirectional composite in Fig. 6 is simply given by the series model, as follows [73] :
where f and p are the respective volume fractions of the fibers and pores, while κ f∥ and κ m∥ are the fiber and matrix thermal conductivities in the axial direction of the fibers, respectively. On the other hand, the out-plane thermal conductivity κ 1⊥ can be determined by means of the Bruggeman's model [74] applied to cylindrical particles [75] , as follows:
where κ m is the thermal conductivity of the continuous matrix and κ p is the thermal conductivity of air inside the pores or the porous filler (fibers in this case), and they interact with an interface thermal resistance R, being a κ = Rκ m the Kapitza radius [76] , a f the average radius of the fillers of volume fraction v and κ is the overall composite thermal conductivity. Considering the fibers and matrix like an effective matrix with cylindrical pores represented by the fibers (see Fig. 7 ), if we take κ m = κ 1⊥ (p = 0), and κ p = 0 (air thermal conductivity), R → ∞ and v = p in Eqs. (9a) to (9c), which render:
Equation (10) indicates that the presence of pores reduces the effective thermal conductivity of the matrix and fibers by a factor of (1 − p) 2 . The thermal conductivity κ 1⊥ (p = 0) can now be calculated by reusing Eqs. (9a) to (9c) with κ m = κ m⊥ , κ p = κ f⊥ and v = f/(1 − p) being the volume fraction of fibers in the solid matrix alone. After making these substitutions in Eqs. (9a) to (9c) and combining the result with Eq. (10), one obtains:
where β ⊥ and a ⊥ are defined by Eqs. (9b) and (9c), for κ m⊥ , κ f⊥ and v = f/(1 − p). Eq. (11) considers the effects of the radius a and volume fraction f of the fibers, as well as of the porosity p and the interface thermal resistance R. The thermal conductivities κ 1∥ and κ 1⊥ of a composite with unidirectional fibers thus determine the overall thermal conductivities κ ⊥ and κ ∥ of the bidirectional composite shown in Fig. 5 .
In-plane and out-plane thermal conductivities of a single carbon fiber
To calculate the thermal conductivity as a function of the temperature of the C/C composites (Eq. 11), it is necessary knowing the data of the axial and transverse thermal conductivities of a single carbon fiber and the pure matrix (without carbon fibers). The effective transverse thermal conductivity of the pitch-based carbon fibers, was predicted by H.S Huang et al. [77] . They calculated the in-plane and out-plane thermal conductivity for straight graphite sheets. The value of the simulated equivalent transverse thermal conductivity was 50.8 W·m −1 K −1 for perfect fibers and the measured value for real fibers was 12 Wm
. Therefore, we can take the value of 27 for the anisotropy factor (κ ∥ /κ ⊥ ), a value which is consistent with those reported in literature [3, 62] . We can also have assumed that this factor does not change significantly as function of temperature [30] . C. Pradere et al. [78] report the longitudinal thermal conductivity in the temperature range from 750 to 2000 K, of single carbon fibers made with the same raw materials and exposed to a heat treatment similar those C/C composites examined in this work. Out of plane thermal conductivity of the fibers in the temperature range from 750 to 2000 K can be adjusted to the expression [78] :
Pure matrix thermal conductivity
There are different and varied methods to build C/C composites, usually these methods consist on impregnation of sheets of carbon fiber fabrics with precursors (i.e. phenol-formaldehyde resins or gas phase precursors such as propane) that give rise the matrix of the composite [79] . Once the sheets are impregnated, the composites are molded and cured, subsequently they are carbonized at 1273 K under vacuum. The processes of impregnation and carbonization are repeated several times to change the density and porosity of the composite. Under these conditions the thermal conductivity κ C of the composite obeys the simple mixing rule for two phases system: κ c = κ f V f + κ m V m , V is the volume fraction, and c, f, and m refer to composite, filler and matrix, respectively. Due to κ f V f ⋙ κ m V m , then κ c ∼ κ f V f . However, when the C/C composites are subjected to a high temperature treatment (HTT) at temperatures above 2273 K, the experimentally thermal conductivity value of the composite increases significantly with respect to that calculated from the simple mixing rule [12, 24] . In addition, it has been demonstrated that after several HTT cycles, the thermal conductivity value of the C/C composite is no longer affected. Due to the fact that the thermal conductivity of the single fibers does not change significantly during the HTT cycles of C/C composites, because the fibers were previously subjected to a similar HTT and their structural properties such as crystallinity, crystalline distribution, molecular orientation, carbon content, and the amount of defects, are well formed [6] . Then, an increase in the thermal conductivity of the C/C composite can be attributed to changes in the crystallographic parameters of carbon matrix (interlayer spacing d 002 , and stack height L c ) [31] . For all the above, C/C composites with same fiber fabric and matrix precursors but subjected to different HTT may have different thermal conductivities [80] , and this behavior is most noticeable at high temperature. One way to determine and to distinguish the effect of components in the C/C composite (carbon fibers and matrix), is by obtaining the thermal conductivity of samples of pure matrix (without carbon fibers). A good approximation to thermal behavior of the pure matrix is to consider it as glasslike carbon (GC) material [31] , then the effective thermal conductivity of the matrix (κ me ) can be expressed by: κ me = ξκ GC , where ξ is a constant that depends on volume fraction of solid matrix and porous, as well as the pore shape factor [81] . Effective thermal conductivity of the matrix out of plane can be expressed as [50] :
Solid thermal conductivity as a function of the temperature κ c (T) of the C/C composites (Eq. 11) can be rewritten as:
Radiative thermal conductivity
Effective thermal conductivity in porous materials can be expressed in terms of the solid thermal conductivity and the radiative conductivity (thermal conduction by gas convection is usually ignored due to its low value with respect to the other heat transfer mechanisms). Radiative conductivity (κ r (T)) is based on Rosseland diffusion approximation [82] , and it can be expressed by [83] :
Where σ e (T) is the Rosseland mean extinction coefficient [84] which is an average value of the spectral extinction coefficient (σ e, ν (T)) weighted by the local spectral energy flux, σ SB is the ), and n is the effective refractive index (n =1 in this work). The Rosseland mean extinction coefficient is defined as follows: 
Where ∂I(T, ν)/∂T is the temperature derivative of Planck's equation. For homogeneous media, and considering σ e,ν (T) independent on thickness, according to Beer's law:
Being d the thickness of the sample and τ n,λ (T) is the spectral transmittance percentage, which could be measured with a Fourier transform infrared (FTIR) spectrometer. Figure 8 shows the spectral transmittance percentage (τ n,λ (T)) for two samples (600 and 800 ± 30 μm in thickness) obtained with a FTIR spectrometer, and the Rosseland mean extinction coefficient (σ e (T)) calculated with Eq. (16a). Figure 9 shows the effective thermal conductivity (Eq. 4), the solid thermal conductivity (Eq. 14) and radiative conductivity (Eq. 15) as function of temperature. The effective thermal conductivity of the C/C composite for temperatures below 1000 K is dominated mainly by solid thermal conductivity (99.4%). However, for temperatures above 1000 K, the contribution of radiative conductivity increases appreciably until reaching the value of 4.5% of the effective conductivity of the C/C composite at 2000 K. Fig. 9 Effective thermal conductivity obtained from Eq. 4, the solid thermal conductivity based on Eq. 14, and radiative conductivity determined using Eq. 15 as function of temperature
